Environmental enrichment (EE) during a period of forced abstinence attenuates incentive motivational effects of cocaine-paired stimuli. Here we examined whether EE during forced abstinence from cocaine self-administration would prevent time-dependent increases in cueelicited cocaine-seeking behavior (i.e., the incubation effect). Rats were trained to self-administer cocaine, which was paired with light/tone cues, for 15 days while living in isolated conditions (IC). Controls received yoked saline infusions. Subsequently, rats were assigned to live in either continued IC or EE for either 1 or 21 days of forced abstinence prior to a test for cocaine-seeking behavior. During testing, responding resulted only in presentation of the light/tone cues. Contrary to our prediction, cocaine-seeking behavior increased over time regardless of living condition during abstinence; however, EE attenuated cocaine-seeking behavior relative to IC regardless of length of abstinence. Brains were harvested and trunk blood was collected immediately after the 60-min test and later assayed. Results indicated that short-term EE elevated hippocampal brainderived neurotrophic factor and reduced plasma corticosterone compared to IC. Furthermore, 21 days of EE during forced abstinence prevented increases in the cue-elicited amygdala phosphorylated extracellular signal-regulated kinase expression that was observed in IC rats. These findings suggest that EE attenuates incentive motivational effects of cocaine cues through a mechanism other than preventing the incubation effect, perhaps involving reduction of stress and neural activity in response to cocaine-paired cues during acute withdrawal.
Introduction
Recent studies have demonstrated that environmental enrichment (EE) introduced during forced abstinence from cocaine self-administration reduces cue-elicited cocaine-seeking behavior (Chauvet et al. 2009; Thiel et al. 2009 ). In rats, this behavior is associated with neural activation patterns similar to human cocaine addicts exposed to drug-related cues that elicit cocaine craving (Childress et al. 1999; Goldstein & Volkow 2002; Feltenstein & See 2008; Kufahl et al. 2009 ). A troubling characteristic of cue-elicited drug craving and drug seeking is that it increases over time, leaving an individual vulnerable to relapse even after prolonged abstinence (Gawin & Kleber 1986; Tran-Nguyen et al. 1998; Neisewander et al. 2000; Grimm et al. 2001 ). This phenomenon is referred to as the incubation effect, which has also been observed with cue-elicited sucrose-seeking behavior (Grimm et al. 2003) .
Two mechanisms involved in the development and expression of incubation are brain derived neurotrophic factor (BDNF) and extracellular signal-regulated kinase (ERK; Bossert et al. 2005) . Cocaine-seeking behavior during forced abstinence from self-administration correlates with time-dependent increases in BDNF protein throughout the ventral tegmental area (VTA), nucleus accumbens (NAc), and amygdala (Grimm et al. 2003) . BDNF infusions into the VTA after a final cocaine self-administration session enhance cue-elicited cocaineseeking behavior for up to 30 days of abstinence. These BDNF effects are reversed via blockade of its downstream activation of mitogen-activated protein kinase (MAPK)/ERK signaling (Lu et al. 2004a) . BDNF infused into the NAc shell produces an upward shift in the cocaine self-administration dose-response curve, increases breakpoints, and facilitates cocaine-seeking behavior, whereas infusion of BDNF antibody produces opposite effects (Graham et al. 2007 ). Incubation of cocaine-seeking behavior following 30 days, relative to 1 day, of forced abstinence increases cue-elicited p-ERK within the central amygdala . Infusion of the p-ERK inhibitor U0126 into central amygdala blocks expression of incubation of cocaine-seeking behavior, whereas an NMDA receptor agonist activation of ERK after just 1 day of abstinence increases cocaine-seeking behavior . Taken together, incubation of cocaine-seeking behavior appears to involve increased BDNF throughout the mesolimbic system, as well as increased cue-elicited ERK activity within the amygdala. Grimm et al. (2008) reported that EE introduced during forced abstinence prevents the incubation of cue-elicited sucrose-seeking behavior. Furthermore, EE decreases basal phospho-CREB and BDNF mRNA expression in mesolimbic dopamine terminals (Green et al. 2010) , and promotes neurogenesis and BDNF protein levels in the hippocampus (Ickes et al. 2000; Russo-Neustadt et al. 2001; Solinas et al. 2010) . Thiriet et al. (2008) demonstrated that EE increases neural expression of several upstream mediators of the MAP/ERK signaling pathway, which in turn suggests that EE can ultimately regulate p-ERK activation. In addition, EE attenuates basal HPA-axis activity and stress-related responses (Belz et al. 2003; Benaroya-Milshtein et al. 2004 ).
The present study explored whether EE introduced as an intervention strategy during forced abstinence would prevent the incubation effect and its associated neurochemical correlates. In regard to the latter, we measured abstinence-induced changes in mesolimbic BDNF, amygdala p-ERK, and plasma corticosterone (CORT) levels.
Method

Animals and surgery
Adult male Sprague-Dawley rats weighing 225-250 g upon arrival to Arizona State University were housed under standard isolated conditions of 1 rat/cage (21.6 × 45.7 × 17.8 cm) . Food and water were available ad libitum in a colony room with a 12-h reverse light:dark cycle (lights off at 07:00 h). Care and housing were in adherence to the Guide for the Care and Use of Laboratory Animals (1996) . Rats were acclimated to handling for 5 days prior to surgically implanting intravenous (IV) catheters under 2-3% isoflurane anesthesia using procedures described previously . Catheters were flushed daily with 0.1 ml saline containing heparin sodium (70 U/ml; APP Pharmaceuticals, Schaumburg, IL) and Timentin (66.7 mg/ml; GlaxoSmithKline, Research Triangle Park, NC) to maintain patency. Patency was tested periodically by administering 0.05 ml methohexital sodium (16.7 mg/ml; JHP Pharmaceuticals, Rochester, MI), a dose that produces transient anesthetic effects when administered IV.
Self-administration
Prior to self-administration training, rats were randomly divided into two groups: Cocaine self-administration (n=40) or Saline-yoked control (n=40). All rats remained housed in isolated conditions throughout self-administration training. Cocaine rats underwent 15 sessions of cocaine self-administration training across consecutive days for 3 h/day during their dark cycle. Each Cocaine rat was assigned a Saline-yoked partner that was placed in an adjacent self-administration chamber. For Cocaine rats, sessions initially began on a Fixed Ratio 1 (FR1) schedule of reinforcement and progressed to a Variable Ratio 5 (VR5) schedule based on individual performance, with the latter in effect exclusively during the last 5-8 sessions. Schedule completions on an "active" lever resulted in simultaneous presentation of a tone (500 Hz, 10 db above background), cue light above the lever, and house light, which were followed one second later by a cocaine infusion (0.75 mg/kg/0.1 ml, IV). Cocaine (salt form, cocaine hydrochloride; RTI International Triangle Park, NC) was dissolved in saline and filtered through a 0.2 μm membrane prior to use. Upon completion of the 6-s infusion, the cue light and tone ceased, but the house light remained on for an additional 20-s time-out. Saline-yoked rats received yoked IV infusions of saline (0.1 ml/ infusion) along with the cue light/tone/house light stimulus complex each time their Cocaine partner received a cocaine infusion; however, their lever responses produced no consequences. Responses on another lever (i.e., inactive lever) produced no consequences for either Cocaine or Saline-yoked rats. Rats were restricted to 16 g of food/day beginning 2 days before training to facilitate exploration. A Cocaine rat and his Saline-yoked partner remained food-restricted until a criterion of ≥21 infusions/3 h was achieved on 2 consecutive days, after which food was available ad libitum in the home cage throughout the remainder of the experiment. All Cocaine rats had reached this criterion by the 8 th session. One Cocaine rat was omitted from the analyses due to catheter failure but was used as an enrichment partner during the abstinence phase; his Saline-yoked partner was yoked to another Cocaine rat.
Forced abstinence
Following the last self-administration training session, all rats were returned to their home cages under isolated conditions to allow 24 h for cocaine clearance. Cocaine and Saline groups were then divided into two Living Conditions: Environmental Enrichment (EE) or Isolated Condition (IC). Rats in the IC group remained living alone in their home cages. We used IC rats as our standard housing control because past studies examining the incubation effect have almost exclusively used isolated-housed rats. The EE group lived in large plastic tubs (74 × 91 × 36 cm) that housed 5 rats and contained bedding, nesting material, 3 PVC pipes, 2 running wheels, 2 water bottles, 2 food dishes, and 2 small plastic toys. Toys were continually changed 3 times/week to maintain novelty. Rats within the EE and IC conditions were then further assigned to one of two Abstinence Lengths while living in those conditions: Short (i.e., 1 day) or Long (i.e., 21 days). Thus, there were a total of 8 groups (n= 9-10/group) that consisted of different Drug Histories (Cocaine or Saline), Living Conditions (EE or IC), and Abstinence Lengths (Short or Long). Group assignment was counterbalanced to equate for total cocaine intake and active lever responding. Each Cocaine rat and his Saline-yoked partner were assigned to the same Living Condition/Abstinence Length. Each enriched environment contained rats from both the Cocaine and Saline-yoked conditions.
Test for cocaine-seeking behavior
After their assigned length of abstinence, rats were put back into the self-administration chambers for 60 min to test for cocaine-seeking behavior. All testing took place between 11:00 -15:00 h. Group testing was counterbalanced such that equal numbers of rats from each condition were sacrificed throughout this testing time period in order to avoid potential circadian effects on the various neurochemical correlates. To begin the test, a noncontingent presentation of the cocaine-paired stimulus complex (i.e., cue light, tone, and house light) was delivered. Thereafter, FR 1 schedule completions by a Cocaine rat activated this stimulus complex for both himself and his Saline-yoked counterpart. Lever responding by Saline-yoked rats had no consequences. It is important to note that cocaine-seeking behavior in this type of paradigm was driven in part by the contextual stimuli as well as the discrete response-contingent cues. There is a high correlation between cocaine-seeking behavior exhibited in response to the self-administration chambers without cues (i.e., extinction responding within the context) and that exhibited with response-contingent cue presentations (i.e., cue reinstatement), and based on this finding Lu et al. (2004c) suggest that there is overlap in the motivational state produced by the context and discrete cues that incubates throughout abstinence. Therefore, in the present study, we measured cocaineseeking behavior in rats re-exposed to a previous drug-associated context with the opportunity to obtain response-contingent presentations of the discrete light-tone stimulus complex with the rationale to maximize resulting brain activation.
Tissue preparation
All rats were decapitated within 1 min of completing their test for cocaine-seeking behavior. Brains were rapidly harvested, frozen in −50°C isopentane, and stored at −80°C. Coronal sections (1 mm) of the brains were cut inside of a freezer kept at −20 °C using a block that had slots 1 mm apart through which razor blades were lowered. Subsequently, bilateral tissue punches (diameter indicated in parentheses) of the nucleus accumbens (NAc; 2 mm), amygdala (1.5 mm), posterior dorsal subregion of the hippocampus (2 mm), and ventral hippocampus (2 mm) from each section were collected. Single (2 mm) tissue punches of the VTA were collected along the midline of the brain that contained the VTA from both hemispheres. The coronal sections were obtained at +1.8 (NAc), −2.56 (amygdala), and −5.6 (VTA and hippocampal regions) mm from bregma according to Paxinos & Watson (1998;  Figure 1 ). The NAc tissue punches included both the shell and core subregions. Efforts were made to limit the amygdala tissue punches to the central nucleus, but some neighboring basolateral nuclei were also included. Tissue punches from the NAc, VTA, and hippocampus were used for BDNF ELISA; punches from the amygdala were used for p-ERK Western Blot analysis.
CORT analysis
At the time of decapitation, trunk blood was collected from each rat into tubes coated with heparin and stored on ice. Subsequently, blood was centrifuged for 10 min at 5,000 rpm. Serum was removed and stored at −80°C. Samples were diluted 1:10 using assay buffer and then processed in duplicate. CORT concentrations were quantified using an enzyme immunoassay kit (ELISA; Assay Designs Inc., Ann Arbor, MI) according to the manufacturer's protocol. Optical density values were measured at 405 nm using a microplate reader and CORT values were extrapolated from a standard curve. CORT levels are expressed as ng/ml.
BDNF protein levels
Tissue punches were incubated in 300 μl of cold lysis buffer consisting of 137 mM NaCl, 20 mM Tris, 10% glycerol, and a protease inhibitor cocktail set (Calbiochem, La Jolla, CA) for 30 min at 4°C. Supernatant was collected and stored overnight at −20°C to be used for the subsequent ELISA assay. Total protein concentration of the samples was determined using the Micro-BCA assay kit (Pierce, Rockford, IL) according to the manufacturer's protocol. BDNF protein levels were quantified using the BDNF Emax ImmunoAssay System kit (Promega, Madison, WI) according to the manufacturer's protocol. BDNF content was extrapolated from standard curves established for each plate (liner range of 7.8 -500 pg/ml). For the assay kit used, cross reactivity with other trophic proteins is < 2 -3%. BDNF protein levels were divided by total protein levels in each sample to determine pg of BDNF per mg of total protein.
p-ERK protein levels
Tissues were weighed and homogenized (1:10 sample to buffer ratio) in ice-cold nonyl phenoxylpolyethoxylethanol (NP-40) lysis buffer (20mM Tris-HCl, pH 8.0, with 137mM NaCl, 10% glycerol, 1% NP-40, 1 mM Na + EDTA, 0.5mM Sodium Ortho-Vanadate), supplemented with Protease Inhibitors Cocktail (Sigma-Aldrich Corp., St. Louis, MO), 1mM phenylmethanesulfonylfluoride (PMSF; Sigma-Aldrich Corp., St. Louis, MO), and Phosphatase Inhibitor Cocktails 1 and 2 (Sigma-Aldrich Corp., St. Louis, MO) in dilution of 1:100. Samples were then vortexed for 1 min, followed by sonication with a 5 s pulse. The sample tubes were incubated on ice for 15 min, and then the vortex/sonication procedure was repeated.
Protein content within the homogenate was assessed by Bradford method using BSA as the standard. For electrophoresis, each sample was mixed with Laemly Loading buffer (Bio-Rad Laboratories, Hercules, CA) to a concentration of 2 μg/μL, and boiled for 3 minutes at 95°C, cooled on ice, and loaded onto 12% polyacramide bis-TRIS gels (Bio-Rad Laboratories, Hercules, CA), then ran at 175 V for 2.5 hours, and transferred to polyvinylidene fluoride (PVDF) membrane (0.45 μ Bio-Rad) for 2.5 hours at 325 mA constant. The membrane was blocked in 5% BSA in TBS with 0.5% Tween 20, pH 7.4, for 4 h at room temperature.
The blot was then incubated with rabbit anti-pERK [Cell Signaling Phospho-p44/42 MAPK (Erk1/2); Cell Signalling Technology, Danvers, MA] in 5% BSA in Tris-Buffered Saline (TBS) with 0.05% Tween 20, pH 7.4, overnight at 4°C. After 5 washes with Tris-Buffered Saline Tween-20 TBST, the blot was incubated in Santa Cruz Bio goat anti-mouse IgG-HRP (Santa Cruz Biotech, Santa Cruz, CA) at 1:100000 dilution in TBST, pH 7.4, with 5% nonfat milk for 2 h at RT. After 5 TBST washings, immunoreactive proteins were revealed with enhanced chemiluminescence (ECL; Pierce SuperSignal West Dura Extended Duration Substrate, Thermo Fisher Sci., Rockford, IL) on X-ray film (Thermo Fisher Sci., Rockford, IL), developed on an AFP "Mini-Medical" Series X-Ray Film Processors (AFP Imaging, Elmsford, NY), then their expression level was measured by densitometry. Blots were mildly striped with Restore Western Blot Stripping Buffer (Thermo Fisher Sci., Rockford, IL), and the process was repeated using rabbit anti-ERK [p44/42 MAPK (ERK1/2), -1:1000 dilution], and again using Glyceraldehyde 3-phosphate dehyrdrogenase [GAPDH (IMGENEX, San Diego, CA), -1:2000 dilution] as a control protein.
The films were scanned on the Agfa Arcus II (Ridgefield Park, NJ), and the expression levels were calculated by densitometric analysis of the bands using QuantityOne software (Bio-Rad, Hercules, CA), with the results being presented as relative optical density adjusted for the GAPDH levels.
Data analysis
Cocaine-seeking behavior was operationally defined as active lever responses in the absence of cocaine reinforcement. Separate three-way ANOVAs using Drug (Cocaine vs. Salineyoked), Abstinence Length (Short vs. Long), and Living Condition (IC vs. EE) were used to analyze active and inactive lever responses during the test for cocaine-seeking behavior as well as to analyze raw CORT, BDNF, and p-ERK1/2 levels. In addition, planned comparisons were made between Short and Long abstinence length groups for BDNF within the VTA and nucleus accumbens, and for p-ERK within the amygdala as increases in these measures have been reported previously in association with the incubation effect (Grimm et al. 2003; Lu et al. 2005 ). Significant effects were followed up with post hoc Newman-Keuls tests (p< 0.05). Due to varying degrees of protein expression between regions, the BDNF and ERK1/2 protein levels in each region were normalized by expressing the results as percent of controls.
Results
Cocaine intake
As noted above, group assignment was counterbalanced such that there were no differences in cocaine intake across groups. Self-administration results, including total infusions obtained, as well as infusions and active lever presses/session over the last 5 d of training are presented in Table 1 . Figure 2 illustrates cocaine-seeking behavior (i.e., active lever responding) and inactive lever responding on the test day for Cocaine and Saline-yoked rats after living in either IC or EE for either a Short or Long (i.e., 1 or 21 days) period of abstinence. There was no overall Drug × Living Condition × Abstinence Length interaction on active lever responding (see Figure 2A ); however, there were significant Drug × Abstinence Length (F(1,71) = 11.08, p<0.001) and Drug × Living Condition (F(1,71) = 30.96, p<0.001) interactions. The Drug × Abstinence Length interaction is illustrated in Figure 2B where regardless of whether rats lived in IC or EE, cocaine-seeking behavior was higher in Cocaine rats that underwent Long abstinence than those that underwent Short abstinence (i.e., incubation effect, p<0.05, Newman-Keuls); however, there was no difference between Saline-yoked groups. The Drug × Living Condition interaction is illustrated in Figure 2C where regardless of whether rats underwent Short or Long abstinence, cocaine-seeking behavior was higher in rats that lived in IC relative to those living in EE (i.e., incubation effect, p<0.05, Newman-Keuls); however, there was no difference between Saline-yoked groups. Analysis of overall inactive lever responding revealed a main effect of Drug (F(1,71) = 7.44, p<0.01), indicating that Cocaine groups exhibited more inactive lever responding than Saline-yoked groups. Figure 3 illustrates CORT levels across groups on the test day. Note that one sample from the IC/Short Cocaine group was lost during blood collection. The analysis revealed an overall Drug × Living Condition × Abstinence Length interaction (F(1,70) = 4.44, p<0.05). Cocaine rats in the IC/Short abstinence group demonstrated higher CORT levels relative to their Saline-yoked controls, as well as relative to Cocaine rats in the EE/Short abstinence group (p<0.05, Newman-Keuls). There were no significant differences among the other groups. Figure 4 illustrates BDNF protein levels (normalized to percent of Saline-yoked controls). Raw values of BDNF protein levels, expressed as pg BDNF/mg total protein, are presented in Table 2 . Unexpectedly, there were no group differences in BDNF protein levels within either the NAc or VTA. Analysis of BDNF protein within the posterior dorsal hippocampus revealed an overall Drug × Living Condition × Abstinence Length interaction (F(1,71) = 4.44, p<0.05). Cocaine rats in the EE/Short abstinence group demonstrated greater BDNF relative to all other cocaine groups, as well as relative to their Saline-yoked controls (p<0.05, Newman-Keuls). Analysis of BDNF protein within the ventral hippocampus failed to reveal an overall Drug × Living Condition × Abstinence Length interaction, although there was a trend (F(1,71) = 2.49, p = 0.127). In light of increased BDNF within the posterior dorsal hippocampus in EE/Short Cocaine rats relative to IC/Short Cocaine rats, we examined whether the same trend would be observed in the ventral hippocampus. Thus, an ANOVA of ventral hippocampus BDNF in only the Cocaine groups revealed a Living Condition × Abstinence Length interaction (F(1,35) = 8.32, p<0.01). Post-hoc comparisons revealed that BDNF levels in the ventral hippocampus of Cocaine groups were higher in the EE/Short abstinence relative to IC/Short abstinence conditions (p<0.05, Newman-Keuls). Figure 5 illustrates ERK1/2 protein levels (normalized to percent of Saline-yoked controls) within the amygdala. Note that one sample from the IC/Long Saline group was lost during tissue preparation. Although analysis of p-ERK1/2 within the amygdala failed to reveal an overall Drug × Living Condition × Abstinence Length interaction (F(1,70) = 1.20, p = 0.27), planned comparison t-tests between Cocaine and Saline-yoked rats within each Living Condition/Abstinence Length group revealed a marginally significant increase in p-ERK1/2 only in the IC/Long Cocaine rats relative to their Saline-yoked controls (t(17) = 1.78, p = 0.05, Figure 5A ). Analysis of total ERK1/2 within the amygdala failed to reveal an overall Drug × Living Condition × Abstinence Length interaction ( Figure 5B) . In contrast to p-ERK1/2, t-tests between Cocaine and Saline-yoked rats within each Living Condition/ Abstinence Length group failed to reveal a difference in total ERK1/2.
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Discussion
Contrary to our hypothesis, the incubation effect occurred despite an EE-induced attenuation of cocaine-seeking behavior. Incubation was evident as enhanced cocaine-seeking behavior with prolonged forced abstinence relative to brief abstinence, regardless of whether the rats lived in IC or EE during abstinence (Fig. 2) . These results were unexpected given previous findings that EE blocks the incubation of sucrose seeking (Grimm et al. 2008) . The decrease in cocaine-seeking behavior after only 1 day of EE is consistent with Chauvet and colleagues (2009) who demonstrated that 1 day of EE during forced abstinence attenuates cocaine-seeking behavior on the first day of extinction training relative to group-housed controls. One possible explanation for a short-term EE effect is that fatigue from undergoing a drastic change in living conditions may have reduced cocaine-seeking behavior. This explanation is mitigated by the finding that EE failed to alter inactive lever responding across groups. Furthermore, there is no relationship between the degree of wheel running exercise and subsequent responding for cocaine, which would be expected if fatigue influenced operant responding (Smith et al. 2008) . Finally, stress associated with a change in living conditions per se is unlikely to explain the short-term enrichment effect, as there were no differences in plasma CORT between enriched and isolated saline-controls, and there was actually a decrease in plasma CORT in the enriched relative to isolated cocaine rats. We suggest that EE attenuation of cocaine-seeking behavior reflects a decrease in the incentive motivational effects of cocaine cues.
The incubation effect has been reported in rats undergoing forced drug abstinence while single-housed (e.g., Grimm et al. 2001; Lu et al. 2004b ), suggesting that isolation stress could be a contributing factor. Indeed, social deprivation increases sensitivity to rewards and reward-related stimuli (Jones et al. 1990; van der Harst et al. 2003; Brenes & Fornaguera 2008) . However, the present findings suggest that incubation of craving occurs independently of isolation stress, given that it was also observed in EE rats.
Contrary to previous studies suggesting that increased mesolimbic BDNF contributes to incubation of cue-elicited cocaine-seeking behavior (Grimm et al. 2003; Bossert et al. 2005; Lu et al. 2006 ), the incubation effect was observed in the present study without a concomitant increase in mesolimbic BDNF. Differences across studies include rat strains, schedules of reinforcement during cocaine training, cocaine dose, and length of access. Additionally, subtle differences in neural dissection technique and location may have contributed to the disparity. The previous studies used a longer period of access than the present study which may account for the discrepancy given that neuroadaptations vary depending on access length (Mantsch et al. 2003 (Mantsch et al. , 2004 Koob et al. 2004 ).
The reversal of the withdrawal-induced increase in CORT (Fig. 3 ) and the increase in hippocampal BDNF (Fig. 4) observed with 1 day of EE likely contribute to EE attenuation of cocaine-seeking behavior. The former effect of EE is consistent with previous research demonstrating that EE attenuates responses to stress, including stress-induced reinstatement of cocaine-seeking behavior (Adlard & Cotman 2004; Benaroya-Milshtein et al. 2004; Del Arco et al. 2007; Laviola et al. 2008; Segovia et al. 2008; Chauvet et al. 2009 ). Furthermore, the EE reversal of withdrawal-induced CORT is consistent with the increase in hippocampal BDNF as there is an established inverse relationship between CORT and BDNF protein levels throughout the entire hippocampus (Schaaf et al. 1998 (Schaaf et al. , 2000 Jacobsen & Mork 2006) . Increases in hippocampal BDNF are associated with neurogenesis and antidepressant effects (van Praag et al. 1999; Malberg et al. 2000; Paizanis et al. 2007; Perera et al. 2007; Duman et al. 2008) , and both hippocampal neurogenesis and antidepressants attenuate cocaine-seeking behavior Baker et al. 2001; Burmeister et al. 2004; Noonan et al. 2010) . Rogers & See (2007) suggest that the ventral hippocampus interacts with other limbic structures, such as the amygdala, to regulate cue-elicited cocaine-seeking behavior. Brief alterations in hippocampal neurochemistry, such as elevated BDNF, might therefore contribute to greater behavioral control in the presence of drug cues. Taken together, the ability of EE to decrease cocaine-seeking behavior within just 1 day may be due to reversal of withdrawal-induced stress and depression as suggested by the pattern of CORT and hippocampal BDNF changes observed.
It is possible that the CORT changes observed in the present study were due to a transient conditioned-CORT response associated with extinction as reported previously (De Vries et al. 1998; Peltier et al. 2001) . However, there are some factors that mitigate this explanation. For one, peak increases in CORT during extinction and cue reinstatement tests are found within 15 min (Clampitt & Goeders 2002 ) and decline to baseline levels by the end of 2-h sessions (Clampitt & Goeders 2002; Feltenstein & See 2006) . Therefore, the CORT levels observed at the end of the 60-min session in the present study are unlikely due to a conditioned-CORT response. Secondly, if the CORT increase observed in the IC/Short rats in the present study was activational, then we would have expected to observe cue-induced CORT elevations in the IC/Long rats as well. During the course of withdrawal from chronic cocaine exposure, CORT levels are initially high and then fall to control levels over time (Zhou et al. 2003a,b) . Thus, it is most likely that EE reduced elevated plasma CORT associated with acute withdrawal, but that plasma CORT levels normalize with prolonged withdrawal, such that differences were not observed between IC and EE Cocaine rats after long-term abstinence.
Incubation of cocaine-seeking behavior is thought to be critically mediated by elevated p-ERK induction in the central amygdala Lu et al. 2006 ). In the present study, the only group to demonstrate increased p-ERK in the amygdala relative to controls was the IC cocaine rats that had undergone prolonged forced abstinence (Fig. 5 ). It is possible that higher p-ERK in the IC/Long Cocaine rats was related to their high total ERK levels; however, it should be noted that in contrast to the IC/Long Cocaine rats that had high levels of both total and p-ERK relative to controls, the EE/Long Cocaine rats demonstrated higher total ERK levels, yet lower p-ERK levels, compared to their controls. Thus, the pattern of p-ERK across all groups in the present study, together with the previous finding that incubation of cocaine-seeking is associated with cue-evoked increases in p-ERK in the central amygdala, suggests that lack of an increase in p-ERK in EE/Long Cocaine rats is likely due to EE-attenuated amygdala activation that occurs in response to cocaine cues after an incubation period. We further suggest that dampening central amygdala activation may represent a neurobiological mechanism of the long-term protective effects of EE against cocaine-seeking behavior. Consistent with this finding, we have recently demonstrated blunted activation of the amygdala in response to cocaine-associated cues in EE rats through the use of Fos protein expression ).
Induction of p-ERK within the amygdala in response to cues is thought to be glutamatemediated as infusion of glutamatergic antagonists into the central amygdala blocks p-ERK expression as well as incubation, whereas NMDA receptor stimulation of this region after acute withdrawal stimulates p-ERK and robust cocaine-seeking behavior . Importantly, EE leads to alterations in glutamatergic neurotransmission throughout brain regions which have been implicated in craving and drug-seeking, including improved metabotropic glutamate receptor functioning in the prefrontal cortex (Melendez et al. 2004) , increased GluR2-containing AMPA receptor subunit expression in the hippocampus (Naka et al. 2005) , and reduced NMDA receptor expression throughout the limbic system (Wood et al. 2005) . These findings provide insight into a possible mechanism through which EE may reverse drug-induced neural alterations in glutamate receptor expression and functioning, which in turn may blunt p-ERK activation and thus reduce responsiveness to drug cues.
The dissociation between the incubation effect and increased amygdala p-ERK expression is a novel, important finding that suggests that ERK activation in this region may not play a necessary role in incubation. This finding is surprising in light of Lynch et al. (2010) who recently reported that a two-week exercise intervention introduced after cocaine selfadministration attenuates cue-elicited p-ERK expression within the prefrontal cortex, a finding that has also been linked to incubation (Koya et al. 2009 ). Although this finding supports p-ERK as a target by which environmental stimulation protects against cocaineseeking behavior, it does not explain how incubation continues to develop within EE rats. It is possible that elevated p-ERK observed in IC rats in this study and others is, at least in part, a consequence of isolation stress, as isolated housing in adult rats leads to augmented glutamaterigic and dopaminergic receptor functioning (Hall 1998) , which in turn could alter p-ERK expression. Potential isolation stress-induced alterations in p-ERK may interact with other incubation mechanisms that have yet to be identified, but which remain present in EE rats. Further research will be required to pinpoint these neuroadaptations.
In summary, EE attenuated cue-elicited cocaine-seeking behavior regardless of whether exposure was for 1 or 21 days, suggesting that EE does not prevent the incubation effect. It is possible that different mechanisms underlie EE's protective effects at different time points. The neurochemical results suggest that the primary mechanism by which EE attenuates incentive motivation during acute abstinence may involve elevation of BDNF protein levels in the hippocampus, which in turn corresponds with reduced stress hormone output during acute cocaine withdrawal. On the other hand, EE's protective effects following a protracted period of abstinence were associated with blunted amygdala p-ERK expression in response to cocaine-associated cues. Thus, it may be that early on during abstinence EE reduces withdrawal-related stress, which may contribute to its protective effects at that time. Once the withdrawal effects subside (i.e., at more protracted time points), it may be that the history of cognitive and physical stimulation within the enriched environment has served as a type of alternative reinforcement which reduces incentive motivation elicited by drug-paired stimuli. To this end, long-term placement into EE may dampen neural activity associated with sensitized incentive motivation; however, it is unlikely that EE counters all neuroadaptations that contribute to the incubation effect. Elucidating the behavioral and neurobiological consequences of EE as a cocaine intervention is a necessary step toward advancing this paradigm as a viable treatment for cocaine addiction. Schematic representation of coronal sections from which tissue punches were obtained at +1.8, −2.56, and −5.6 mm from bregma (Paxinos & Watson 1998) . The shaded circles indicate the sampling area and are illustrated unilaterally in order to allow visibility of structures in the contralateral hemisphere. Bilateral 2 mm (diameter) tissue punches of the nucleus accumbens were obtained at +1.8 mm, bilateral 1.5 mm tissue punches of the amygdala (predominately central amygdala) were obtained at −2.56 mm, and bilateral 2 mm tissue punches of the posterior dorsal region of the hippocampus and the ventral hippocampus were obtained at −5.6 mm. Unilateral 2 mm tissue punches of the ventral tegmental area were also obtained along the midline of the brain at −5.6 mm. (A) Cocaine-seeking behavior (i.e., active lever presses ± SEM; top panel) and inactive lever presses (bottom panel) across all groups during the 60-min test. Group designations indicate whether the animals were housed in an isolated condition (IC) or in an enriched environment (EE) during abstinence and whether the animals underwent a Short (i.e., 1 day) or Long (i.e., 21 days) abstinence length period while living in their assigned conditions prior to testing. Active lever responses by Cocaine rats resulted in presentation of the light/tone cue complex previously associated with cocaine infusions on an FR1 schedule for both the Cocaine rat and his Saline-yoked partner. Active lever presses for Saline-yoked rats produced no consequences. (B) Cocaine-seeking behavior (i.e., active lever presses) ± SEM during the 60-min test collapsed across Living Condition or (C) collapsed across Length of Abstinence. Asterisk (*) indicates greater active lever responding in the Long abstinence Cocaine rats relative to Short abstinence Cocaine rats (i.e., incubation effect, p<0.05, Newman-Keuls). Cross (+) indicates less active lever responding in the EE Cocaine rats relative to IC Cocaine rats (i.e., enrichment effect", p<0.05, Newman-Keuls). Plasma corticosterone levels (ng/ml) for all groups presented as means ± SEM. Group designations are described in the caption of Figure 1 . Asterisk (*) indicates difference from Saline-yoked control (p<0.05, Newman-Keuls). Cross (+) indicates difference from EE/ Short Cocaine rats (p<0.05, Newman-Keuls). p-ERK1/2 (A) and total ERK1/2 (B) protein levels ± SEM across all groups within the amygdala. Data are presented as percentage of saline controls. Representative bands, as determined by Western blot luminescence, are included for reference. Group designations are described in the caption of Figure 1 . Asterisk (*) indicates a difference from Salineyoked control (p=0.05). Mean ± SEM levels of BDNF (pg/mg total protein) in the regions sampled 
EE/Long
Nucleus acccumbens 4.33 ± 0.15 4.21 ± 0.17 3.99 ± 0.10 4.38 ± 0.13 4.13 ± 0.13 4.22 ± 0.16 4.02 ± 0.10 4.33 ± 0.14 Ventral tegmental area 6.45 ± 1.02 5.90 ± 0.75 6.53 ± 0.78 5.86 ± 0.77 6.79 ± 0.95 5.62 ± 0.82 6.80 ± 1.07 5.32 ± 0.61 Dorsal hippocampus 2.40 ± 0.09 2.88 ± 0.09 2.53 ± 0.08 2.54 ± 0.05 2.40 ± 0.10 2.35 ± 0.10 2.47 ± 0.10 2.47 ± 0.08
Ventral hippocampus 1.32 ± 0.14 2.20 ± 0.13 1.76 ± 0.19 1.71 ± 0.17 1.31 ± 0.17 1.79 ± 0.06 1.58 ± 0.12 1.65 ± 0.16
Note. Group designation refers to subsequent assignment to isolate conditions (IC) or enriched environment (EE) during either a Short (i.e., 1 day) or Long (i.e., 21 days) period of forced abstinence.
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